In this paper, numerical analysis of GaSb (E g = 0.72 eV)/Ga 0.84 In 0.16 As 0.14 Sb 0.86 (E g = 0.53 eV) tandem thermophotovoltaic (TPV) cells is carried out by using Silvaco/Atlas software. In the tandem cells, a GaSb p-n homojunction is used for the top cell and a GaInAsSb p-n homojunction for the bottom cell. A heavily doped GaSb tunnel junction connects the two sub-cells together. The simulations are carried out at a radiator temperature of 2000 K and a cell temperature of 300 K. The radiation photons are injected from the top of the tandem cells. Key properties of the single-and dual-junction TPV cells, including I-V characteristic, maximum output power (P max ), open-circuit voltage (V oc ), short-circuit current (I sc ), etc. are presented. The effects of the sub-cell thickness and carrier concentration on the key properties of tandem cells are investigated. A comparison of the dual-TPV cells with GaSb and GaInAsSb single junction cells shows that the P max of tandem cells is almost twice as great as that of the single-junction cells.
Introduction
Thermophotovoltaic (TPV) cells based on the photovoltaic effect are of great importance for energy conversion devices in a temperature range of 1000 K-2000 K. III-V group semiconductors are suitable for TPV cells since their narrow direct band-gaps in a range from 0.3 eV to 0.7 eV closely match the peak wavelength of the thermal source. [1] Many III-V group semiconductors, such as GaSb, InGaAsSb, InGaAs, and InAsSbP, have been investigated for TPV applications. A comparison of fabrication techniques and characteristics among those TPV cells shows that GaSb-based TPV cells have obvious advantages in commercial applications. [2] GaSb-based TPV cells have been developed for decades. For a two-step diffusion fabricated GaSb TPV, its V oc is 0.45 V, and the fill factor (FF) is 0.72. [3] [4] [5] Quaternary InGaAsSb alloys can be achieved, which is lattice-matched to GaSb in an adjustable wide range of band-gap from 0.29 eV to 0.72 eV. GaInAsSb TPV cells have been successfully grown by metalorganic chemical vapor deposition (MOCVD) [5, 6] and molecular beam epitaxy (MBE). [7, 8] The external quantum efficiency (Q Eext ) is 65%, the FF is 0.67. There are two major methods to achieve high efficiency of TPV cells. One is to employ narrow direct band-gap materials as discussed above; the other is to use tandem TPV cells. Multi-junction structures are widely used in solar cells, [9] one of which has a high efficiency of 41.4%. [10] However, little work on GaSb-GaInAsSb tandem TPV cells has been reported, whose structure is similar to but not identical with that reported in this paper. [3, [11] [12] [13] [14] In this paper, monolithically stacked GaSb-GaInAsSb multijunction TPV cell is designed and simulated. The characteristics of the GaSb-GaInAsSb tandem TPV cells, including I-V curve, P max , V oc , and I sc , are analyzed and compared with those of single-junction TPV cells.
Method and structure
The tandem TPV structure consists of a GaSb p-n homojunction as the top cell, and a GaInAsSb p-n homojunction as the bottom cell. The two sub-cells are connected by a heavily doped GaSb tunnel junction. In order to improve P max , the band-gap of the top cell is selected to be higher than that of the cell below it, as the wide spectrum photons can be absorbed efficiently. Figure 1 shows the cross-sectional structure of the single junction and the dual-junction TPV cells discussed in this paper. For the tandem structure, the GaInAsSb p-n homojunction, which is lattice-matched to GaSb, is fabricated on N-type GaSb substrate as the bottom cell. A heavily doped GaSb p-n homojunction as the tunnel junction is stacked on the GaInAsSb cell. The top cell is GaSb p-n homojunction with P-type ZnS (E g = 3.7 eV) as the windows layer. The simulation is carried out at a radiator temperature of 2000 K and cell temperature of 300 K. The photons are injected from the top of each cell shown in Fig. 1 . The simulation of the TPV cells is carried out by using the Atlas simulator from the Silvaco software package for optoelectronic devices. [15] Taking into account both accuracy and practicability, the Caughey-Thomas theory is chosen for the carrier concentration and temperature-dependent mobility model. SRH, Auger and surface recombination are chosen for the carrier recombination models. There are several models for tunnel junctions. The two main models are the band-toband tunneling model and the non-local band-to-band tunneling model. The first model uses the electric field value at each node to give a generation rate at that point due to the tunneling. In reality, the tunneling process is non-local, and it is necessary to take into account the spatial profile of the energy bands. It is also necessary to take into account the spatial separation of the electrons generated in the conduction band from the holes generated in the valence band. Adachi's dispersion model is used for optical simulation. The accuracy of this simulation tool strongly depends on the accuracy of the material parameters used in constructing the above models. [16, 17] The material parameters of the GaSb and GaInAsSb are summarized for the simulation in Table 1 . Since the TPV cells have almost the same theory as solar cells, similar common approaches to the study of the tandem solar cell system are employed for the tandem TPV cells. [18, 19] 3. Results and discussion 3.1. Comparison of the P-N structure with the N-P structure
The GaSb and GaInAsSb single-cells are first modeled and simulated individually. In this way, their structure (N-P junction or P-N junction) can be optimized and chosen. The main difference between the two structures is that P max and I sc of N-P structure are a little higher than those of the P-N structure. For the GaInAsSb N-P structure, region thickness has the same influence on P max as the GaSb N-P structure. However, in the P-N structure, as the P-type region thickness (H p ) is much larger than N-type region thickness (H n ), it leads to higher I sc , P max , and smaller V oc than those in the case of H p H n . It indicates that if P-type GaInAsSb as the emitter in the P-N structure is the main photon absorption area, the efficiency of the photon-generated carriers and P max could be raised. The minority carrier diffusion length (L e,P /L h,N ) is an important parameter in determining the carrier collection efficiency. [20] In the P-type GaInAsSb, since the minority carrier mobility (µ e,P ) is much higher than the majority carrier mobility (µ h,P ), L e,P L h,N . Thus, it is concluded that 108402-2 P-N structure GaInAsSb TPV cells have higher P max than N-P structure GaInAsSb TPV cells with the same emitter and base thickness, which is also proved in Fig. 3 . In the following discussion, we mainly focus on tandem cells with the P-N structure.
Effect of region thickness
In this section, different base and emitter thickness values in the top and bottom cells are simulated, respectively. P max , V oc , and I sc of the tandem TPV cell are presented for a variety of thickness values. Figure 4 presents the effects of the emitter and base thickness parameters of the top cell on P max , V oc , and I sc , respectively, with the other parameters listed in Table 1 kept unchanged. Figure 4 indicates that P max of tandem cells is decreasing with both emitter and base thickness of top cell increasing. While the emitter thickness values are in a range of 3 µm to 5 µm, P max almost stays constant. For an emitter thickness thinner than 3 µm, P max increases rapidly with base thickness decreasing. The reason is that the region thickness of the top cell should be thick enough to ensure that more photons, which are not absorbed by the top cell, can reach the bot-108402-3 tom cell. However, there is a singularity in Fig. 4(a) , where the base thickness and the emitter thickness are both 0.05 µm. As discussed in Subsection 3.1, the P-type region is the main photon absorption area. Therefore, increasing of the P-type region thickness is conducive to a higher collection efficiency of the photon-generated carriers. However, based on photovoltaic theory, the emitter thickness should be smaller than L e,P to obtain a high collection efficiency of the photon-generated carriers; meanwhile, emitter thickness should be thick enough to fully absorb the incident light. [21] The emitter thickness of 0.05 µm is not thick enough to absorb the incident photons, so the P max decreases rapidly. Figure 5 shows the effects of the emitter and base thickness of the bottom cell on P max , V oc , and I sc , with other parameters from Table 1 fixed to be constant. It indicates that P max increases with base thickness increasing. While the base thickness is higher than 3 µm, P max almost stays constant. With emitter thickness increasing, P max tends to increase first, and then decreases as shown in Fig. 5(a) . P max reaches its maximum value for the 3-µm-thick emitter of the bottom cell. The reason for the emitter thickness influencing P max has been discussed above.
Effect of region carrier concentration
Figures 6 and 7 show the P max , V oc , and I sc of the tandem cells for different emitter and base carrier concentrations of the top cell and the bottom cell, with other parameters listed in Table 1 keeping constant, respectively. For the top cell in Fig. 6 , P max decreases with the base carrier concentration increasing and the emitter carrier concentration decreasing separately. However, the base carrier concentration has a stronger influence on P max than that of the emitter region. P max is almost constant with the base carrier concentration varying from 1×10 17 cm −3 to 6.3×10 18 cm −3 . As the base carrier concentration increases above 6.3×10 18 cm −3 , P max rapidly decreases. For the bottom cell, P max is almost not influenced by base carrier concentration, but strongly depends on emitter carrier concentration. With the emitter carrier concentration increasing, P max declines overall. While the emitter carrier concentration is in a range from 10 17 cm −3 to 10 18 cm −3 , P max is constant. As the emitter carrier concentration increases above 10 18 cm −3 , P max decreases rapidly. It indicates that the decrease of the emitter carrier concentration of the bottom cell improves L e,P and finally leads to the increase of P max .
The tandem TPV cells are simulated with the optimized parameter listed in Table 2 . The TPV cell area (W cell ) is 500 µm×500 µm. The radiation temperature (T rad ) is 2000 K, with the cell temperature (T cell ) of 300 K. Figure 8 shows the I-V curves of the tandem cells and the single-cells. Comparing with the seldom reported GaSb-GaInAsSb tandem TPV cells in Refs. [3] and [12] , which acquire a maximal V oc of 0.65 V; the V oc of the GaSb-GaInAsSb tandem TPV cells we simulated is as high as 0.76 V. It proves that the structure of our tandem TPV cell is more advanced. The result shows that P max of the tandem cells is 2.0 and 1.9 times those of the GaSb and the GaInAsSb cell, respectively. 
Conclusions
In this paper, numerical analyses are performed for the GaSb TPV cell, the GaInAsSb TPV cell, and the GaSbGaInAsSb tandem TPV cells, by using the two-dimensional numerical photovoltaic cell simulator Silvaco/Atlas. For the GaSb TPV cells, the P-N or N-P structures have a little effect on P max . However, for the GaInAsSb TPV cell, the P-N structure presents a higher P max than the N-P structure, since µ e,P is much higher than µ h,P in P-type GaInAsSb material. The tandem TPV cells consist of a GaSb homojunction as the top cell and a GaInAsSb homojunction as the bottom cell. Based on the simulation results, with emitter and base thickness of the top cell increasing, the P max of the tandem cells decreases. For the bottom cell, the P max increases rapidly as the base thickness of the bottom cell increases. However, when the base thickness increases above 3 µm, P max is constant at a maximum value. For the effects of carrier concentration on P max of the top cell and the bottom cell, with base carrier concentration increasing, P max declines overall. In the top cell, P max is somewhat influenced by the emitter carrier concentration, but it is strongly influenced by base carrier concentration. P max decreases rapidly with base carrier concentration increasing. In the bottom cell, P max is almost constant for a variety of base carrier concentrations. When the emitter carrier 108402-5 concentration increases above 1×10 18 cm −3 , P max decreases rapidly. Simulating with device parameters fixed to be constant, P max of the tandem TPV cell is almost 2 times that of the single-cells. For further improvements of the tandem cell performance, in order to increase the collection efficiency of the photon-generated carriers, wide band-gap lattice-matched window layers for GaSb and GaInAsSb cell and back-surface field cladding layers are considered to be applied to the tandem cell structures. The tunnel junction also needs to be optimized using different materials, such that it has a higher peak current, thereby reducing the current loss of tandem cells.
